coherence interferometry, makes noncontact AL measurement possible. Using this device, Yamashita et al. 13 were able to measure AL in 140 children aged 3-9 years. Deneen et al.
14 also reported a high success rate (91%) for this measurement in 1800 children aged 2.5-6.0 years. Another advantage of this device is its high precision. 15, 16 In children, Carkeet et al. 17 and Hussin et al. 18 reported that test-retest repeatability of this measurement was ±0.047 mm and ±0.04 mm, respectively (Table 1) . However, these studies provided no information regarding refractive errors in the subjects, and thus it is still unknown whether the reported repeatability can be expected in children with a wide range of refractive errors.
In the present study, to clarify the validity and usefulness of AL measurement with the IOLMaster in myopic children, we evaluated the repeatability of the measurement in 95 children who participated in a myopia-control clinical trial. There is a difference in the principle of the measurement between the A-mode device and the IOLMaster: The former measures the distance between the corneal surface and the inner limiting membrane, whereas the latter measures that between the corneal surface and the retinal pigment epithelium. 19 Based on the IOLMaster data, we also evaluated the relationship between AL and each refractive component that was previously indicated by the A-mode technique.
Subjects and Methods
The subjects were 95 children [mean age ± SD, 10.8 ± 1.3 years; range, 7-13 years; 44 girls (46%)] who participated in a randomized controlled trial to determine if progressive additional lenses retard progression of early-onset myopia. This trial had been approved by the ethics panel of Okayama University in May 2002, and was carried out at Okayama University Hospital between 1 July 2002 and 30 July 2006. 20 The subjects had myopic refractive errors but no other ophthalmological disease. In conformity with the Helsinki Declaration, an adequate explanation of the study aim and methods was given to the children and their parents, who gave their written consent before the study.
First, in the sitting position, the subject's head position was adjusted with an adjustable jaw holder and a forehead rest, and the subject was asked to fi xate on the fi xation target used in IOLMaster. On the video monitor of IOLMaster, the aiming light refl ecting from the cornea was carefully positioned at the center of the sighting circle to achieve the proper alignment of the eye. Measurement was performed three times for the right eye, and the mean was regarded as the representative measurement (reading 1). Measurement values were accepted when they satisfi ed the following conditions: (1) The signal-to-noise ratio (the signal strength of the retinal pigment epithelium relative to background noise) was ≥ 2; (2) multiple peaks were observed on the displayed waves; and (3) a defi nite second peak was observed before and after the highest peak. 21 If three measurement values satisfying these conditions could not be obtained, an additional measurement was performed. However, the measurement was not performed more than fi ve times; the mean of the accepted measurements was used as the representative measurement.
Second, after a rest of about 5 min, the measurement was performed again (reading 2). We assessed repeatability of the measurement by analyzing the distribution of the numeric difference between readings 1 and 2. The degree of repeatability is the interval over which 95% of the differences between the two measurements lies (mean difference ±1.96 × SD of the differences). 22 Finally, eye drops containing a mixture of a 0.5% tropicamide and 0.5% phenylephrine hydrochloride (Mydrin-P, Santen, Osaka, Japan) were applied twice 5 min apart. Twenty-fi ve minutes after the second application, autorefraction and keratometry were performed with an ARK-2000 autorefractor/keratometer (Nidek, Gamagori, Japan). 20 The mean of fi ve readings was used as the representative measurement. All measurements were performed by a single ophthalmologist.
Results
The measurement using IOLMaster could be completed within 3 min in each child, and no subjective side effects were observed. The mean (± SD) AL of the eyes was 25.54 ± 0.86 (range, 23.69-27.48 mm) for reading 1, and 25.53 ± 0.85 mm (23.68-27.50 mm) for reading 2, and a high correlation was observed between the two readings (r 2 = 1.00, P < 0.0001). To evaluate the repeatability, a difference versus mean plot was constructed (Fig. 1A) . 22 The difference between readings 1 and 2 was randomly distributed, irrespective of the mean of readings 1 and 2, and the repeat- ability (95% limits of agreement) was ±0.05 mm. The mean difference was 0.00 ± 0.02 mm, which did not differ significantly from 0 mm (paired t test, P > 0.05), indicating that there was no bias between readings 1 and 2. The differences between readings 1 and 2 were equally distributed regardless of the spherical equivalent refractive error (RE) or age ( Fig. 1B and C) . The mean AL was 25.41 ± 0.77 mm for boys and 25.17 ± 0.82 mm for girls, being 0.24 mm shorter in the latter (unpaired t test, P < 0.05). AL in all subjects was not associated with age (P = 0.60). AL for girls increased slightly with age, but the association was not signifi cant (P = 0.58, Fig.  2 ). The mean spherical equivalent RE was −4.37 ± 1.43 D (−1.50 to −8.19 D), and the mean corneal radius of curvature (CR) was 7.77 ± 0.24 mm (7.12-8.22 mm). As shown in Fig. 3A , a negative correlation was found between AL and RE (RE = −0.68 × AL + 12.74, r = −0.37, P = 0.001, Fig. 3A) . A positive correlation was found between AL and CR (CR = 0.21 × AL + 2.53, r = 0.69, P < 0.0001, Fig. 3B ). No association was observed between RE and CR (P = 0.11, Fig. 3C ). The relationship between the AL/CR ratio, which was proposed as an indicator of myopia progression by Grosvenor, 23 and RE is shown in Fig. 4 . The mean AL/CR ratio was 3.27 ± 0.08 mm/mm (3.09-3.43), and a negative correlation was found between the RE and the AL/CR ratio (AL/CR = −0.04 × RE + 3.08, r = −0.76, P < 0.0001).
Discussion
The results of this study indicated that the IOLMaster provides high repeatability (±0.05 mm) for AL measurement in schoolchildren with a wide range of myopic refractive errors. When this value is converted to the dioptric power, assuming that the refractive error changes by 2.8 D with a 1-mm change in AL, 24, 25 the repeatability corresponds to ±0.12 D. For the Asian pediatric population, an AL elongation rate of 0.30 mm per 52 weeks (per year) is a reasonable and conservative assumption. 8 Theoretically, the IOLMaster can detect AL elongation over a 7-week period. Such a capacity will make it possible to shorten the follow-up period and to reduce the number of samples required in clinical trials studying methods of retarding progression of early-onset myopia.
Reportedly, the factors limiting the repeatability of IOLMaster measurements include (1) poor gaze fi xation, (2) unstable head position, (3) scattering of laser light due to opacity of the cornea and/or optic media such as cataracts, (4) high-grade myopia, and (5) retinal disease. 21 The gaze or head position during the measurement were actually unstable in some children, but the overall repeatability of the measurement that we found in this study (±0.05 mm) was no worse than that reported for adults (±0.047 15 or ±0.06 mm 16 ). The reason is unclear, but it is plausible to infer that the medium of the eye is more uniform and transparent in children than it is in adults, and thus a smaller dispersion of measuring light from the optic medium in children improves the repeatability. In patients with high-grade myopia, the repeatability is considered to decrease because IOLMaster does not allow refractive correction with spectacles, and consequently such patients cannot see the fi xation target clearly. However, the repeatability did not differ with the degree of myopia, at least within the range of RE in this study (Fig. 1B) .
For A-mode ultrasound measurement, the repeatability has been reported to be ±0.35-0.37 mm in adults. 16, 26 In children, the reported repeatability differs widely among researchers (±0.23-0.85 mm), 17, 18 presumably because the repeatability is dependent on how much cooperation was obtained from the children. Compared with these values, the repeatability of the IOLMaster measurement that we found in children was 5 to19 times more precise. Among all methods for measuring refractive errors, cycloplegic autorefraction is considered to provide the highest repeatability (±0.37 D) and thus has been regarded as the gold standard. 26 Even when compared with this value, the repeatability of IOLMaster measurement (±0.12 D) found in this study was three times more precise.
The measurement beam of the IOLMaster has a power of 450 µW at the corneal plane, which limits the number of scans to 20 within any 24-h period for safety considerations. 21 Hussin et al. 17 and Carkeet et al. 18 performed 3 and 12 consecutive scans, respectively, with IOLMaster in children and observed no side effects, including photoretinopathy. Accordingly, we did not perform the measurement more than six times (three times for the fi rst and three times for the second measurement) per day, on principle, to allow a safety margin. Statistically, with an increase in the number of scans (n), the repeatability improves by 1/√n -, but consideration should be given to the trade-off relationship between the repeatability and safety of the measurement. Recently, Quinn et al. 27 developed another noncontact AL measurement device that uses a super luminescence diode. This device is reported to reduce dispersion in the optic medium, and requires a lower level of measurement light, making possible a higher number of repetitive scans than with the IOLMaster.
AL is considered to increase with age. 28-30 but we failed to fi nd a correlation between AL and age (Fig. 1C) . Zadnik et al. 29 measured AL in 2583 children and found the maximum increase in the AL at ages of 6-9 years. Their results from a cohort study cannot be directly compared with our data, but the age range within which most subjects in our study fell was from 9 to 13 years, and most children were older than the age at which the maximum increase in AL was reported. This consideration may explain why we found no correlation between AL and age.
A positive correlation was found between AL and CR in this study, similar to previous studies using the A-mode technique, 1, 3, 4 suggesting corneal fl attening with an increase in AL. Van Alphen 1 speculated that growth-related changes in CR usually occur in parallel with changes in AL, lens power, and anterior chamber depth. Their infl uences on refraction are mutually compensated for, and emmetropia Axial length (mm) is maintained. Such a concomitant change with age is called "the size factor" or "oblate-shaped development." On the other hand, when this compensation is inadequate, myopia develops (prolate-shaped development). Based on this assumption, Grosvenor et al. 23 proposed calculating the AL/ CR ratio as an index for predicting myopia progression. In fact, myopic eyes show a higher AL/CR ratio than emmetropic eyes in adults, 31, 32 whereas a large intersubject difference in AL/CR ratios is observed during childhood, even if the eye is emmetropic. 23 In our study, the correlation between RE and the AL/CR ratio (−0.76) was much higher than that between RE and AL (−0.37), supporting the interpretation proposed by van Alphen. 1 The mean AL/CR ratio found in the present study was slightly higher than that reported by Grosvenor, 32 as shown in Fig. 4 . IOLMaster measures the distance between the corneal surface and the retinal pigment epithelium, and thus the measurement is theoretically longer by the thickness of the retina (0.15-0.35 mm) than the AL measured using an A-mode device. 21 Assuming that the corneal radius of curvature is 7.77 mm (the mean in our subjects), the difference in the AL/CR ratio between the two techniques (IOLMaster versus A-mode) was calculated to be 0.026 mm/ mm (0.20 mm/7.77 mm). This calculation explains well the difference in the AL/CR ratio between the two studies. However, even when the bias between the two methods is taken into account, our mean AL/CR ratio (3.27 ± 0.08 mm/ mm) was slightly higher than that reported in the COMET study (3.12 ± 0.08 mm/mm on the horizontal meridian and 3.18 ± 0.08 D on the vertical meridian). 28 This difference can probably be explained by the fact that myopia was greater in our subjects (mean, −4.37 ± 1.43 D) than in the COMET children (−2.38 ± 0.81 D).
In conclusion, the IOLMaster provides high repeatability of AL measurement also in children with a wide range of myopic refractive error. Considering this fi nding, together with the ease and safety of its clinical application, we can conclude that IOLMaster is a powerful tool for longitudinal investigations evaluating AL elongation, that is, myopia progression, during childhood. The relationships between AL and the refractive components were found to be similar to those previously shown by the A-mode technique, except for slightly higher AL/CR ratios in our study.
